. Forces that are repeatedly applied to the body could lead to positive remodeling of a structure if the forces fall below the tensile limit of the structure and if sufficient time is provided between force applications. On the other hand, an overuse injury could result if there is inadequate rest time between applied forces. Running is one of the most widespread activities during which overuse injuries of the lower extremity occur. The purpose of this article is to review the current state of knowledge related to overuse running injuries, with a particular emphasis on the effect of impact forces. Recent research has suggested that runners who exhibit relatively large and rapid impact forces while running are at an increased risk of developing an overuse injury of the lower extremity. Modifications in training programs could help an injured runner return to running with decreased rehabilitation time, but it would be preferable to be able to advise a runner regarding injury potential before undertaking a running program. One of the goals of future research should be to focus on the prevention or early intervention of running injuries. This goal could be accomplished if some easily administered tests could be found which would predict the level of risk that a runner may encounter at various levels of training intensity, duration, and frequency. The development of such a screening process may assist medical practitioners in identifying runners who are at a high risk of overuse injury. Key Words: CHRONIC INJURIES, GROUND REACTION FORCE, STRESS, RUNNING, IMPACT FORCE It was established over 100 years ago (51) that biological tissue adapts to the level of stress placed upon it. Repeated applied stresses that are below the tensile limit of a structure lead to positive remodeling if sufficient time is provided between stress applications, whereas inadequate time between-stress applications ultimately results in an overuse injury (8, 36, 41) . A fatigue curve has often been used to illustrate how the amount of stress applied to a structure and the number of repetitions of the applied stress are related to injury potential of a particular structure. In the simple situation of a load being applied to a structure at regular intervals, the fatigue curve would look similar to that shown in Figure 1 . Injury would result when the structure is subjected to a stress/frequency combination that is above the curve, whereas injury would be avoided in situations where the stress/frequency combination falls below the theoretical curve.
It was established over 100 years ago (51) that biological tissue adapts to the level of stress placed upon it. Repeated applied stresses that are below the tensile limit of a structure lead to positive remodeling if sufficient time is provided between stress applications, whereas inadequate time between-stress applications ultimately results in an overuse injury (8, 36, 41) . A fatigue curve has often been used to illustrate how the amount of stress applied to a structure and the number of repetitions of the applied stress are related to injury potential of a particular structure. In the simple situation of a load being applied to a structure at regular intervals, the fatigue curve would look similar to that shown in Figure 1 . Injury would result when the structure is subjected to a stress/frequency combination that is above the curve, whereas injury would be avoided in situations where the stress/frequency combination falls below the theoretical curve.
The relationship between stress application and injury demonstrated by the fatigue curve does not imply that stress should be minimized in order to avoid injury. Because this curve is dynamic in nature, there must exist an "optimal" level of applied stress for any biological structure based upon the number of stress applications and the frequency of would increase the likelihood, of subsequent overuse injuries.
In addition to the frequency of application of a stress to a structure, another critical factor affecting the relationship between stress/frequency and injury is the type of stress applied to the structure. One of the most important types of stress, in terms of its effect on the human body, is impact force. Impact force has been defined as a force resulting from the collision of two bodies over a relatively short time period (29) . In addition to having' a short duration, impact forces generally possess a relatively high magnitude, although there are no defined limits of either magnitude or duration related to impact forces on the human body. In activities such as landing from a jump, impact forces may exceed 10-12 body weights and have a duration of less than 10 ms. During slow walking, impact forces are only slightly greater than body weight and may last for over 50 ms (28, 30) . Impact forces during running vary in magnitude from approximately 1.5 to 5 body weights and last from about 10-30 ms (31) . It has been suggested by several authors (4, 6, 18, 30) that impact forces are associated with overuse running injuries. The purpose of this paper is to examine the literature related to overuse running injuries, with an emphasis on how impact forces pertain to these injuries.
IMPACT FORACS DURING RUNNING
When running on level ground at slow to moderate speeds, a large majority of runners are heelstrikers, making first ground contact with the posterior third of the foot (1, 31) . This running style produces a characteristic vertical ground reaction force-time curve, in which there are two peaks (Fig. 2) . The initial force peak, often referred to as the impact peak, occurs within the first 10% of the stance period. The magnitude of the impact force during running is determined by what a runner does before contact with the ground. Depending upon speed and landing geometry, impact forces vary in magnitude from approximately 1.5 to 5 body weights and last for a very brief period of time (<30 ms). A number of variables have an effect on impact forces including the foot and center of mass velocity at contact, the effective mass of the body at contact, the area of contact, and the material properties of the damping elements such as soft tissue, shoes, and the surface of contact (30) .
The second vertical ground reaction force peak that is generally produced during heelstrike running is often referred to as the active peak (29) . Active forces take place over the latter 60-75% of the stance period and have a duration of up to 200 ms, with the active peak occurring at approximately mid-stance. Due to the relatively long lasting time period of the active force, it is considered to be the low frequency component of the vertical ground reaction force curve. Active forces are mainly determined by the movement of a runner during foot contact (30) . Although it is impact forces that have most often been implicated in overuse running injuries, evidence exists which suggests that active forces also play a significant role in a variety of overuse running injuries (25) .
OVERUSE RUNNING INJURIES
Running is one of the most widespread activities during which overuse injuries of the lower extremity occur. Various epidemiological studies of recreational and competitive runners (3, 15, (21) (22) (23) 37, 47) have estimated that up to 70% of runners sustain overuse injuries during any 1-yr period. There is no standard definition of an overuse running injury, but several authors (14, (20) (21) (22) have defined it as a musculoskeletal ailment attributed to running that causes a restriction of running speed, distance, duration, or frequency for a least one week. Examples of overuse injuries that commonly occur during running include stress fractures, medial tibial stress (shin splints), chondromalacia patellae, plantar fasciitis, and Achilles tendinitis.
Although the exact causes of overuse running injuries have yet to be determined, it can be stated with certainty that the etiology of these injuries is multifactorial and diverse (23, 36, 44) . A large majority of the factors identified as causes of overuse running injuries could be placed into three general categories: training, anatomical, and biomechanical factors.
Training variables that have most often been associated with overuse running injuries are running frequency, duration, distance, and speed (15) (16) (17) (18) 23, 24, 26, 32) . Some researchers (12, 15, 37) have also reported that people who stretch regularly before running experience a higher injury rate than those who do not stretch regularly, although others (2, 22) have not found an association between stretching before running and injuries. Although some researchers (22, 23, 47) have suggested that a previous injury history increases the likelihood of sustaining new running injuries, Taunton et al. (42) did not find a relationship between injury history and running injuries in a group of over 2000 patients with running injuries. Because the studies that have reported an association between training variables and overuse running injuries have generally relied on surveys and/or self reporting for the data acquired, these results must be considered cautiously. In a majority of these studies, a single survey that relied upon respondents to report the level of various training variables (such as running distance) and describe any injuries incurred as a result of running was employed. It has been noted (13) that runners who are monitored more continuously appear to report injury occurrences more accurately than those who receive only a single questionnaire.
Observations from clinical studies (6, 18, 21) have estimated that over 60% of running injuries could be attributed to training errors. In actual fact, it could be stated that all overuse running injuries are the result of training errors. An individual who has sustained an overuse running injury must have exceeded his/her limit of running distance and/or intensity in such a way that the remodeling of the injured structure predominated over the repair process due to the stresses placed on the structure. The exact "location" of this limit in terms of the forces imparted, the rest periods taken, and the number of repetitions tolerated before injury occurred would differ from one individual to another and would be dependent upon several other variables such as the surface run on, shoes worn, and a variety of anatomical variables. There is no doubt, however, that each runner could have avoided these injuries by training differently based upon individual limitations or in some cases by not training at all. It is important to understand that there is a link between most overuse running injuries and training so that injured runners may be advised correctly to modify their training program if it could be determined what aspect of the training program had been producing deleterious effects. However, with most overuse injuries, there must also exist some underlying anatomical or biomechanical feature that would prevent a runner from training as long, or intensely as another runner before incurring an overuse injury.
Several anthropometric variables have been implicated as causes of overuse running injuries, including high longitudinal arches (pes cavus), ankle range of motion, leg length discrepancies, and lower-extremity alignment abnormalities. There is no consensus among researchers regarding the effect of these variables on overuse running injuries based upon the conflicting results reported in the literature. Whereas several studies (7, 24, 26, 48) have suggested that runners with pes cavus are at an increased risk of injury during running, others (27, 38, 49) have concluded that arch height is not a risk factor in running injuries. Some studies (14, 45) have reported that sagittal plane ankle range of motion does not differ significantly between groups of runners who had sustained lower-extremity injuries and groups of uninjured control subjects, whereas other studies (17, 26, 48) have reported that runners with greater ankle range of motion have more overuse injuries than runners with less ankle mobility. On the other hand, Montgomery et al. (27) concluded that reduced ankle flexibility is a risk factor in overuse running injuries based upon a study that found military recruits who sustained stress fractures during training tended to have less ankle flexibility than recruits who did not sustain these injuries. Anthropometric variables that could be grouped together as lower extremity alignment abnormalities such as leg length discrepancies and excessive Q-angle, have been shown to be associated with overuse running injuries by some authors (18, 21, 40) , although others (27, 33, 38, 49) did not find lower extremity alignment abnormalities to be associated with an increased risk of overuse injuries in runners. Part of the reason for discrepancies in studies searching for a link between anthropometric variables and running injuries is the fact that these variables must combine with biomechanical factors which could vary considerably between individuals to produce deleterious effects on the body.
The majority of biomechanical factors that have been linked to overuse running injuries could be classified as either kinetic or rearfoot kinematic variables. Among the kinetic variables that have been speculated to be a cause of overuse running injuries are the magnitude of impact forces (4, 6) , the rate of impact loading (30) , the magnitude of active (propulsive) forces (50) , and the magnitude of knee joint forces and moments (39) . The assumption that these kinetic variables lead to overuse injuries has generally been based upon theoretical models, although recent experimental studies appear to be in general agreement with these models. Ferber et al. (9) reported that female subjects who had a stress fracture history exhibited greater peak vertical impact ground reaction forces, loading rates, and peak tibial acceleration than a control group of uninjured female runners. Similar results were reported by Grimston et al. (10), who found that female runners who had experienced stress fractures produced significantly greater peak vertical impact ground reaction forces than subjects without stress fractures. These results are in agreement with a study by Hreljac et al. (14) in which previously injured runners (both males and females) were compared with runners who had never sustained an overuse injury. These authors also found that the group of previously injured runners exhibited greater vertical impact forces and loading rates than the uninjured runners.
The rearfoot kinematic variables that have most often been associated with overuse running injuries are the magnitude and rate of foot pronation. Excessive pronation has been implicated as a contributing factor to overuse running injuries in several clinical studies and reviews of overuse running injuries (5, (16) (17) (18) (19) 24, 36, 41) . In many of the clinical studies, a static evaluation of pronation was conducted on injured runners, with the results suggesting that injured runners were often overpronators. Although it has been suggested (43) that static measures of pronation may be used to approximate maximum pronation during gait, the little experimental evidence that exists relating dynamic measures of pronation to overuse running injuries is conflicting. In one study (26) , it was reported that groups of injured runners exhibited more pronation and had greater pronation velocities than a group of uninjured control subjects. In this study (26) , the results were most evident in the group of subjects who suffered from shin splints. Viitasalo and Kvist (46) reported similar results in a comparison between shin splint sufferers and uninjured control subjects during barefoot running. Somewhat contradictory results were found in a recent study (14) that found that runners who had never sustained an overuse injury exhibited a greater pronation velocity than runners who had previously sustained an overuse injury. The effect that a particular level of impact force has on a body during running is related to the amount and rate of pronation. Pronation is a protective mechanism during running since it allows impact forces to be attenuated over a longer period of time. Pronation is detrimental to a person only if the level of pronation falls outside of "normal" physiological limits (too low or too high), and if it continues beyond midstance (44) . After midstance, it is necessary for the foot to become more rigid in preparation of toeoff.
CONCLUSIONS
From the results of these studies, it appears that runners who have developed stride patterns which incorporate relatively low levels of impact forces and a moderately rapid rate of pronation are at a reduced risk of incurning overuse running injuries. Although it may not be possible or practical to teach people to run with a stride that incorporates lower impact forces and greater rates of pronation, there are training habits that runners could adopt that would reduce impact forces and minimize the effects of these forces on the body. Injured runners, or runners who are at risk of sustain-ing an injury, should be advised to reduce training speed as a means of reducing impact forces because impact forces generally increase as speed increases (35) . Longer rest periods should be encouraged to assure that positive.remodeling is able to occur between training sessions. This retrospective treatment of running injuries may assist runners to heal after an overuse injury, but a preferable approach to the problem would be to act proactively. If injury threshold limits of relevant biomechanical and anatomical variables at various levels of training could be established, runners would be able to be advised regarding safe levels of training by means of a screening process. Future research should focus on developing relatively simple screening processes that may assist medical practitioners in identifying runners who are at a high risk of overuse injury. 
